Abstract-In addition to other measures such as energy saving, the adoption of a large amount of microgeneration driven by renewable and low carbon energy resources is expected to have the potential to reduce losses associated with producing and delivering electricity, combat climate change and fuel poverty, and improve the overall system performance. However, incorporating a substantial volume of microgeneration within a system that is not designed for such a paradigm could lead to conflicts in the operating strategies of the new and existing centralized generation technologies. This paper investigates the impact of tripping substantial volumes of LV connected microgeneration on the dynamic performance of a large system during significant low frequency events. An initial dynamic model of the UK system based on a number of coherent areas as identified in the UK Transmission Seven Year Statement (SYS) has been developed within a real time digital simulator (RTDS) and this paper presents the early study results.
INTRODUCTION
Significant international attention has been given to setting targets to reduce global greenhouse gases (GHG) emissions by 30% by year 2020, and 60-80% by 2050 in respect to 1990 level [1] . The EU countries on their own have made an independent commitment to cut the EU emissions to at least 20% by 2020 [1] . In parallel to the EU, the UK government has set mid and long-term national targets to cut GHG emissions by 26% by 2020 and up to 80% by 2050 compared to 1990 levels [1] . To meet these targets the EU and other developed countries have set a demanding target to provide a considerable amount of their electricity generation from renewable and highly efficient energy sources, and implement energy saving measures [2] .
The adoption of large amounts of local generation such as microgeneration driven by renewable and low carbon energy resources is expected to have the potential to combat climate change, and reduce the losses associated with producing and delivering electricity. Using the UK long term target as an example, a study commissioned by the Department of Trade and Industry (DTI) of the UK and carried out by the Energy Saving Trust has suggested that 30-40% of the UK's electricity demands should be met through microgeneration technologies connected to distribution networks by 2050 to meet the UK's 2050 target [3] , though a new strategy is currently out for consultation.
In order to encourage the uptake of large amounts of microgeneration, there are a number of technical and political actions that have been taken by different countries in the world. Reference [4] discusses the incentives for microgeneration development in the USA and Europe, and states that the UK, USA, Germany, China, and France who are leading in microgeneration implementation have introduced numbers of policies encouraging the promotion of microgeneration [4] . These steps are summarized from [4] as following:
• The introduction of Renewable Energy Certificates (RECs) was to ensure that a certain amount of power is produced from renewable sources. RECs have already been implemented in the USA.
• The application of a feed-in-tariffs (FITs) policy to encourage individuals and small business to install their own renewable energy sources. The FITs make it obligatory for utilities to buy electricity provided from renewables. The FITs mechanism is seen as one of the most effective way for encouraging the adoption of renewable and efficient microgeneration [4] [5].
• The introduction of Renewable Obligation Certificates (ROC) by the UK government ensures Fig. 1 . The sequences of the events accompanying a frequency disturbance that energy suppliers purchase at least 8% of their supplied electrical power from renewable sources.
In addition to the tariffs and simplified licensing certificates for microgeneration implementation, the introduction of the European standard EN50438 [6] , which specifies the technical requirements for the connection of microgeneration in parallel with public low-voltage distribution networks, and the engineering recommendation document G83/1 [7] in the UK for small sources connection, have all created a market for microgeneration and stimulated the increase of microgeneration connection to public grids.
However, incorporating a substantial volume of microgeneration within a system that is not designed for such a generation mix could lead to a number of technical issues. It is very important to understand the impact of a large penetration of microgeneration performance on the host system during different system conditions. There are numbers of previous studies that have investigated the technical issues surrounding the connection of a large number of microgenerators to distribution networks. The studies such as those reported in [8] [9] [10] [11] were aimed at addressing the impact on local voltages. In addition, the transient performance of distribution systems incorporating a large penetration of LV connected microgeneration under fault conditions has been investigated by the authors in [12, 13] . Most of these studies have considered the impacts of microgeneration on local systems. The technical issues caused by the widespread deployment of microgeneration in terms of wider system impact have not received significant attention.
This paper investigates the effect of tripping a substantial volume of LV connected microgeneration on the dynamic performance of a large power system during significant low frequency events. The paper provides the following contributions: the impact of low frequency disturbances on microgeneration dynamic performance is discussed in the paper. In addition, a test network model which represents a simplified dynamic model of the UK system based on the UK Transmission Seven Year Statement (SYS) provided by National Grid (NGET) [14] is developed using real time digital simulation (RTDS). The dynamic response of the developed large power system model during low frequency disturbances is investigated, and the effects of a high penetration of microgeneration during these disturbances on the system frequency is analyzed.
II.
THE IMPACT OF LOW FREQUENCY EVENTS ON MICROGENERATION
Large frequency disturbances are normally caused by a significant imbalance between generation and load which can be caused by loss of large amount of generation or significant volumes of load. Fig. 1 shows a number of fault sources that may lead to large frequency disturbances. Loss of large amounts of generation could lead to a large drop in system frequency. Low frequency if sustained can lead to tripping of connected generators and loads. Over excitation protection is used to protect the generator and step-up transformer from damage due to the heat caused by excessive magnetic flux resulting from low frequency.
An analysis of the low frequency event in the UK on the 27th May 2008 [15] has shown that distributed generation (DGs) connected at MV distribution networks presented as a negative contributing factor to the events because of their unexpected tripping. During the UK event, the DGs tripped before the frequency reached 48.8Hz, which is the value that should initiate under frequency load shedding (UFLS). According to the protection settings recommended by Engineering Recommendations G83/1 [7] and G59/1 [16] and listed in Table I , the DGs should not trip on low frequency unless the frequency reaches 47Hz.
Compared to other DGs, microgeneration are more sensitive due to their smaller size. This may lead to tripping of large amounts of microgeneration during significant low frequency events. Fig. 1 above explains the possible impacts of tripping microgeneration on the dynamic system performance during low frequency events. The impact may increase the size of the total generation loss, and hasten the frequency drops and may lead to more consequential disconnection of loads. In order to understand to what extent tripping of microgeneration due to low frequency events will impact the system performance, the dynamic network model and studies in the next sections are of value.
III. TEST NETWORK MODEL
The network model used for the simulation studies is shown as a single line diagram in Fig. 2 , and it has been developed within a real time digital simulator (RTDS). The network represents a simplified 13-bus dynamic model of the UK system based on eight areas as identified in the UK Transmission Seven Year Statement (SYS) [14] as shown in Fig. 3 (a) .
In each area, the generators are modeled as aggregated large machines based on the type of technologies. For example, the generation in area 1 as shown in Fig 3. (a) and representing the north of Scotland is modeled by using three large generators run by three different turbines, hydro, steam, and gas. The GAST and HYGOV models from the RSCAD library are used to represent the gas and hydro turbines respectively and the associated speed governors [17] . The IEEE ST1 type excitation system given in [18] is used for each generator. The parameters for gas and hydro turbines, governors, and exciters are taken from typical data available in [19] . For steam turbine models, a generic speed-governing and steam turbine IEEEG1 model as given in [17] and [18] have been used. The parameters of steam turbine and governor models are taken from [19] . The distributed load is modeled as a fixed real and reactive power based on the average values given in [14] . A permanent droop loop with 4 to 5% speed droop is included as a part of the speed governor of each machine in order for the system load to be shared among multiple generators. The share between the generators is controlled by adjusting the load-frequency reference of the governor of each generator.
The actual interconnections of the UK 400kV transmission network as given in [14] and shown in Fig 3 (b) is simplified in the model to connect the eight areas together. The model of network is based on a selection of all 400kV circuits in each area being represented by one equivalent 400kV line. Currently, it is assumed that all the lines connected to the same substation are connected to the same busbar, and the equivalent of these lines is calculated to be equal to the lines in parallel. As an example, Fig. 4 shows how the equivalent circuit between bus10 and bus 12 in Fig. 2 is calculated. All the parameters of the 400kV lines are taken from [14] . The microgeneration connected to the test network as shown in Fig. 2 is modeled as aggregated generators representing all the microgeneration connected to the area. For the study shown here, microgeneration is represented in three different areas: area1 representing the north of the UK, area 4 the middle, and area 7 the south of the UK.
IV.
SIMULATION AND STUDIES
In order to investigate the impact of nuisance tripping of microgeneration on the network dynamic performance during low frequency events a real-time simulation of the GB Grid was created. The reason for using real-time simulation is that in the future the test cases could be used in to control a realtime hardware-in-the-loop set-up, coupling the simulation to a real 3-phase microgrid via a motor-generator set. Doing this would enable the demonstration of the effect of grid dynamics on real inverter connected hardware and any algorithms that could be used to mitigate the effects. Three different cases have been considered. Case 1: in this case, a large frequency disturbance is applied to the network by tripping 1500MW of generation from area1. In this scenario, the microgeneration is assumed to remain connected, and the impact on the frequency response is quantified. Fig. 5 shows the frequency deviation when 1500MW generation is disconnected from area 1. The frequency dropped to 49.73Hz.
Case2: the same amount of centrally dispatched generation as in case 1 is disconnected, but after 3.25 seconds a further 500MW of microgeneration in areas 1, 4, and 7 is disconnected. This has increased the drop in the frequency to reach almost 49.5Hz as shown in Fig. 5 .
Case3: in this case, a larger amount of microgeneration is disconnected following the frequency drop initiated by tripping large plant supplies of 1500MW. It is assumed that in each area 1, 4, and 7, 1GW of microgeneration is disconnected. In this case, the total loss of microgeneration has led to the maximum secured loss of power being exceeded. The system frequency has dropped further very sharply, and reduced to less than 48.8Hz (i.e. enough to initiate the under frequency load shedding) as shown in Fig.  5 . This will lead to the additional disconnection of thousands of consumers. In such a condition, the presence of microgeneration would be seen as a negative factor if they trip during low frequency events before 48.8Hz. The study of the paper has considered 3GW as maximum amount of microgeneration connected to the system. But, according to [20] the future scenarios developed in, the total amount of microgeneration in the UK could reach 10GW by 2050. Such considerable volumes must prove more resilient during low frequency events and demonstrate better stability down to 47Hz as stated in ER G83/1 [7] to avoid hastening the frequency drop, increasing the loss of loads and generation minimising the risk of blackouts. This may require more accuracy in frequency measurement, better ride through resilience, and more careful protection setting of microgeneration to avoid such undesirable consequences.
V. OUTCOME OF RESEARCH
Based on the results of the above limited study the University of Strathclyde was commissioned to write an Engineering Technical Report by the United Kingdom's Energy Networks Association. This technical report was created by using power system models created on the RTDS (Real-Time Digital Simulator) platform. This platform is well-suited to the testing of protection relays as it runs in realtime and has numerous outputs and inputs that enable control and protection equipment to be easily connected.
A. Overview of UK ETR 139 LOM test procedure
Engineering Technical Report 139 proposes a set of test procedures to test the Loss of Mains (LOM) protection systems of distributed generation connected to the 11kV and 33kV distribution networks. This set of procedures uses a mixture of actual, existing networks along with fictitious, generic ones to represent as many types of possible distribution network configurations present in the GB Grid. Some of these networks come from the UK Generic Distribution System (UKGDS) repository [21] . The procedure has two main criteria for system acceptance, sensitivity and stability. The sensitivity tests consider the detection of purely loss of mains faults with different levels of local load/ generation imbalances; the stability tests consider the action of the protection algorithm under faults that are not LOM and thus the relay should generally remain stable. However, for some conditions, for example a fault with 50% retained voltage (ph-e, ph-ph, 3-ph) it is acceptable for the LOM relay to trip in the presence of a 3-phase fault but not for the other types. The usefulness of this test procedure is that it can be used to test all types of LOM algorithms with no changes. The methodology described in [22] could be used to create test procedures for jurisdictions other than the United Kingdom.
The paper [22] shows that more system wide studies will be required in the future when considering the integration of small scale distributed generation. These studies will become more complicated in the future as microgeneration will be required to provide ancillary services in the future rather than disconnect in the face of grid disturbances. Further the future smart grid will require the use of automatic network management systems [23] that will take control of generation and network switching in an intelligent autonomous manner; only through detailed system studies combined with real-time simulation interacting with the devices will operators be able to test and confirm that particular schemes will operate safely and satisfactorily.
VI.
CONCLUSION
This paper has investigated the impact of tripping large amounts of LV connected microgeneration, due to low system frequency events, on the dynamic performance of a large power system. The output of the paper has shown that nuisance microgeneration tripping due to low frequency events can significantly affect the system operating conditions by lowering the frequency further, and accelerating the action of under frequency load shedding protection. The quantification of such a negative contribution can better inform specification of suitable remedial control measures to make active consumers and local generation support the wider system during disturbances thus protecting large numbers of consumers from being disconnected. Further work is being undertaken to review the models and include protection actions in order to better appraise the risks involved at varying levels of microgeneration and the effectiveness of alternative measures. This research should advice the steps required to ensure that the integration of larger volumes of microgeneration does not significantly increase the threat of system events having greater impact on the disconnection of consumers. This paper has also presented a short summary of the ETR 139 report created for an industrial client based on the conclusions of this original work.
